Abstract. Breast cancer is a common malignancy and the second most frequent cause of death among women. Our aim was to perform DNA copy number profiling of 22q in breast tumors using a methodology which is superior, as compared to the ones applied previously. We studied 83 biopsies from 63 tumors obtained from 60 female patients. A general conclusion is that multiple distinct patterns of genetic aberrations were observed, which included deletion(s) and/or gain(s), ranging in size from affecting the whole chromosome to only a few hundred kb. Overall, the analysis revealed genomic imbalances of 22q in 22% (14 out of 63) of tumors. The predominant profile (11%) was monosomy 22. The smallest identified candidate region, in the vicinity of telomere of 22q, encompasses ~220 kb and was involved in all but one of the tumors with aberrations on chromosome 22. This segment is dense in genes and contains 11 confirmed and one predicted gene. The availability of multiple biopsies from a single tumor provides an excellent opportunity for analysis of possible intra-tumor differences in genetic profiles. In 15 tumors we had access to two or three biopsies derived from the same lesion and these were studied independently. Four out of 15 (26.6%) tumors displayed indications of clonal intra-tumor genotypic differences, which should be viewed as a high number, considering that we studied in detail only a single human chromosome. Our results open up several avenues for continued genetic research of breast cancer.
Introduction
Breast cancer is the most common malignancy among women and the second most common cause of death after lung cancer (1) . It is a complex genetic disorder and some aberrations have been correlated with heterogeneous histology and clinical behavior. Breast carcinoma arises from the epithelium of glandular tissue, which includes ducts and lobules. Histologically, this neoplasm can be classified into non-invasive (in situ) or invasive ductal and lobular carcinoma. The most common type of breast cancer, invasive ductal carcinoma, develops from ductal carcinoma in situ and accounts for 80% of all cases (2) . The majority of breast cancer cases are sporadic, while a family history of the disease accounts for 15-20% (3) . Less than 1% of all cases are associated with the autosomal dominant or recessive syndromes: Cowden syndrome, Li-Fraumeni syndrome, Peutz-Jeghers syndrome, Bloom syndrome, Werner syndrome and Xeroderma Pigmentosum (4) . Individuals recognized with these syndromes or congenital malformations may have a high breast cancer risk. Approximately 5-10% of all cases are attributable to autosomal dominant susceptibility genes: breast cancer susceptibility gene 1 (BRCA1) and breast cancer susceptibility gene 2 (BRCA2). Mutations in either of these genes account for the majority of families with multiple cases and confer a lifetime risk of breast cancer up to 85% for female BRCA1 or BRCA2 mutation carriers (5) (6) (7) (8) . Many other susceptibility candidate loci including known oncogenes and tumor suppressor genes have also been characterized [breast cancer (OMIM #114480)].
In recent years detailed cytogenetic and molecular investigations of breast cancer have led to the identification of a number of recurrent regions of DNA copy number alteration (9) (10) (11) (12) (13) . Furthermore, it has been suggested that allelic loss of 22q is a common event in breast carcinoma, with a reported frequency between 11% and 66% (14) (15) (16) . Previous studies have reported several regions along chromosome 22 showing allelic loss in sporadic breast carcinomas and a candidate tumor suppressor gene region, close to the telo- Table I . Summary of clinical details and chromosome 22 array-CGH profiles of breast cancer patients. Table I . Continued. - -
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meric end of 22q has been determined (17, 18) . Additionally, allelic loss at 22q13 has been shown to correlate with postoperative recurrence (19) . However, the target tumor suppressor gene(s) residing on this chromosome, involved in breast cancer development has not yet been identified. The aim of this study was to perform high resolution gene copy number profiling of chromosome 22 aberrations in breast tumors using a methodological approach which is superior to others applied previously. We used a full-coverage tiling path chromosome 22 genomic microarray with an average resolution of 75 kb (20) , which allows the precise detection of minute DNA copy number aberrations.
Materials and methods
Clinical material and chromosome 22 genomic microarray.
The study included 83 tumor biopsies from 63 distinct tumor lesions that were obtained from 60 female patients. Single or multiple biopsies were collected from each tumor. From 15 of the tumors, either two or three independent biopsies were collected, followed by independent DNA isolation and genomic profiling. From two patients (ID 025 and 028), two separate distinct tumors were studied, which were located within the same breast. Details of all studied patients are summarized in Table I . Tumor tissues and corresponding surrounding healthy tissue were sampled during operation and stored at -70˚C prior to DNA isolation. Matched peripheral blood was also collected. Samples were obtained from patients treated at the Oncology Centre, Bydgoszcz, Poland. All tumors were classified and graded by experienced pathologist according to the TNM criteria. The clinical samples were characterized immunohistochemically for expression of estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and epithelial cadherin 1 (E-cadherin) ( Table I ). The expression of HER2 receptor was determined by immunohistochemical assay performed on consecutive paraffin sections using standardized automated procedures with Dako Autostainer (HerceptTest™; Carpinteria, CA). Immunohistochemical staining was prepared in accordance to scoring guidelines (possible score: 0 to 3+). The cases, in which overexpression of HER2 receptor occurred, were investigated for HER2 gene amplification using FISH analysis (details not shown). For the determination of ER, PR and E-cadherin expression, the mouse monoclonal and rabbit polyclonal anti-human receptor antibodies (EnVision™+ Single Reagents; Carpinteria, CA) were used. High molecular weight DNA was isolated from both tumor and peripheral blood using standard methods (21) . A full-coverage chromosome 22 genomic array was used for DNA copy number analysis (20) . The array covers the whole long arm of chromosome 22, with genomic DNA clones derived from the minimal tiling path and provides an average resolution of 75 kb. It contains a set of 460 chromosome 22 measurement points derived from chromosome 22, as well as X chromosome controls and loci derived from other chromosomes (20) , all printed in triplicate. The identity of each clone was verified and quality controlled by STS-PCR (using at least one specific pair of primers) as well as EcoRI cleavage. Each batch of printed slides was validated using DNA derived from a male subject with a 7.4 Mb constitutional deletion on chromosome 22. The deletion was previously identified by cytogenetics studies and confirmed by restriction fragment length polymorphism and simple sequence repeat polymorphism analysis as well as by FISH (22) . A complete list of the set of clones included in the array and methods used for preparation of DNA from genomic clones are displayed at http://puffer.genpat. uu.se/chrom_22_array/chrom22.htm.
Hybridizations, scanning and image analysis. Protocols used for test and reference DNA labeling, hybridization and posthybridization processing have been previously described (20) and are accessible at http://puffer.genpat.uu.se/chrom_22_array/ chrom22.htm. A pool of peripheral blood derived DNA, from 10 normal females, was used as control for all performed hybridizations. In brief, two micrograms of test and reference DNA were differentially labeled by random priming using Cy3-dCTP (PA53021, GE Healthcare, Piscataway, NJ) or Cy5-dCTP (PA55021, GE Healthcare). These were then mixed with 100 μg of Cot-1 DNA (Roche, Basel, Switzerland) and hybridized to the array. Image acquisition was done using the GenePix 4000B scanner (Axon Instruments, Inc., Union City, CA). Analysis of hybridization intensity was carried out using the GenePixPro 6 image analysis software (Axon Instruments). Ratio of means for the fluorescence intensities between test and reference DNA was calculated, as well as average and standard deviation for each clone. Clones displaying a standard deviation >5% of the average, between a minimum of two replica spots, were discarded from further analysis. The average ratio from the non-chromosome 22 autosomal controls was used in the normalization of data in each hybridization experiment. Autosomal control clones displaying a normalized average fluorescence ratio indicative for copy number alteration (R>1.2 or R<0.8) were not used in the normalization. The Average Normalized Inter-Locus Fluorescence Ratio (ANILFR), representing the normalized ratio for successfully scored loci from a certain continuous region or regions on the array, was calculated in order to assess the average fluorescence values for a given number of clones as well as the inter-locus variation.
Results
Chromosome 22 gene copy number profiling. We performed DNA copy number profiling of chromosome 22 aberrations in a series of 83 breast tumor biopsies derived from 60 patients (Table I) . In order to investigate the presence of genetic heterogeneity within a single tumor, two or three biopsies were collected from 12 patients and independently profiled for copy number changes. Furthermore, for selected patients, DNA derived from corresponding surrounding healthy breast tissue (9 cases), metastatic tumor tissue (3 cases) and peripheral blood (12 cases) were also analyzed. The clinical details of patients included in the study, together with the summary of results from array-CGH profiling of tumor biopsies, are summarized in Table I and Fig. 1 . A general conclusion is that multiple distinct patterns of genetic aberrations were observed, which included several types of deletion(s) and/or gain(s), ranging in size from affecting the whole chromosome to regional aberrations encompassing only a few hundred kb. Overall, the analysis revealed genomic imbalances of 22q in 21.6% of patients (13 out of 60) or 22.2% of studied tumor lesions (14 out of 63). The predominant array-CGH profile, detected in 7 out of 63 tumors (11%), was a single copy loss encompassing all measurement points on the chromosome 22 array, consistent with monosomy 22, presumably due to a mitotic non-disjunction event. One representative case from this category 003 T is shown in Fig. 2B . The level of normalized fluorescence ratio for the majority of chromosome 22-derived measurement points was comparable to the level of one copy loss. Furthermore, we identified three cases 036 T, 037 T and 051 T, presenting partial tumor-specific chromosome 22 deletions as the only detectable aberration (Table I and Fig. 1) . A profile revealing the presence of a 12 Mb telomeric deletion in female case 051 T is illustrated in Fig. 2C . The level of fluorescence ratio for chromosome 22- Two independent biopsies were studied for tumor I-025 (T and T1, see Fig. 4 and Table I ) and 037 T (T and T1, see Table I , array CGH profile not shown). derived measurement points included in this deleted region was, however, higher than expected for the haploid level. This suggests that this deletion is not present in all tumor cells within this tumor biopsy. Alternatively, this biopsy might contain a considerable percentage of normal diploid stromal cells. Analysis of paired blood DNA from cases 003 T, 011 T, 051 T and the corresponding surrounding healthy tissue from cases 003 T revealed no detectable DNA copy number imbalances (not shown), which confirmed that the observed deletions were tumor-specific.
Complex chromosome 22 array-CGH profiles -co-existence of deletions and gains.
Three cases were identified with very complex array-CGH profiles, in which partial deletions of the chromosome were combined with independent peaks of gain (Fig. 3B-D) . In case 022 T, three different loci, affected by regional gain were identified, encompassing four, twentyone and three consecutive clones on the array (Fig. 3B) . The size of these regional gains was ~130 kb, ~2 Mb and ~310 kb, respectively and the maximum average fluorescence ratio observed was of ~1.8 (ID 114; AL035044), corresponding to, on average, >3 copies of this locus in each tumor cell. It should be stressed that each of these consecutive and independent measurement points along the chromosome function as an internal control for other clones within the locus affected by the aberration. In addition, four interstitial deletions were observed in this sample. Non-chromosome 22 autosomal controls were at the diploid level (ANILFR 1.01 ± SD 0.02). However, chromosome X control clones suggested one copy loss of the measurement points located on this chromosome (ANILFR 0.69 ± SD 0.04). Case 038 T presented a noticeable low-copy number gain of ~10.6 Mb in size (Fig. 3C) . A small terminal deletion of ~2.8 Mb, extending from ID 437 to ID 479 (AL110122-AC002056) was also observed in this case. The level of fluorescence ratio for measurement points within this deleted region was, however, higher than expected for the haploid level. Clones ID 14-15 presented a fluorescence ratio consistent with hemizygous deletion, however this locus has been previously shown to be polymorphic (23) . Tumor sample 008 T also displayed a complex pattern of aberrations, with at least five different loci affected by interstitial deletions in the proximal and terminal half of chromosome 22 (Fig. 3D) . Additionally, a regional low copy number gain of ~490 kb, affecting clones ID 252-264 (Z68323-AL021877) was also identified in this sample. The analysis of paired blood DNA and the corresponding surrounding healthy breast tissue from these cases revealed no detectable DNA copy number imbalances (not shown). The large complexity of co-existing aberrations in the latter three cases calls for caution in interpreting the biological significance of these results. However, one overall conclusion can be drawn from analysis described so far. All but one of the tumors (biopsies 037 T and 037 T1) (Fig. 1) , i.e. 13 out of 63 (20%), that displayed aberrations on chromosome 22, involved the most telomeric 22q region, encompassing clones ID 473-477. This indicates a relatively well defined locus of 220 kb that should be studied further.
Evidence for clonal intra-tumor genotypic differences for aberrations affecting 22q. The availability of multiple biopsies from a single tumor provides an excellent opportunity for the analysis of possible intra-tumor differences in genetic profiles. In 15 independent tumor lesions we had access to two or three biopsies derived from the same tumor and these were independently profiled for DNA copy number changes. Out of these 15 tumors, where at least two histopathologically controlled biopsies were analyzed, four tumors displayed differences in genetic profiles on chromosome 22 (036 T, 037 T, 056 T and 065 T) ( Table I and Figs. 1 and 4) . Furthermore, from two cases (028 and 025) we collected two, respectively three, samples derived from independent tumors growing within the same breast (Table I) . Array-CGH profiles for samples 036 T and T1, illustrating intra-tumor differences, and for patient 025 where two independent tumor lesions were studied are displayed in Fig. 4B -E. Profiling of female case 036 T revealed a minute interstitial hemizygous deletion of 300 kb, encompassing seven clones (ID 471-478; AL022328-AC000036) on the array and mapping to the telomeric end of 22q. Two additional surgical components (036 T1 and 036 T2), obtained from the same tumor, demonstrated no detectable aberrations for all chromosome 22-derived measurement points (Table I and Fig. 4) . It should be emphasized that the deletion in case 036 T overlaps with the small region of allelic loss detected at the terminal end of 22q in case 008 T (Fig. 3) . The analysis of the corresponding surrounding healthy breast tissue from case 036 revealed no detectable DNA copy number imbalances (not shown). Another intriguing case is tumor 037, where distinct profiles of aberrations within the proximal half of 22q were identified in two distinct biopsies. Sample 037 T presented a centromeric hemizygous deletion of ~6.4 Mb, affecting 62 clones (ID 1-62 ; AP000525-AP000358) on the array. Profiling of the surgical sample obtained from the second biopsy disclosed a noticeable gain of ~4.7 Mb in size, affecting numerous consecutive clones (ID 70-120; D87014-AL021153) ( Table I and Fig. 1) (profiles  not shown) . The latter region is also overlapping with a regional gain detected in case 022 T (Fig. 3B) . It should be also noted that the centromeric breakpoint of gain in sample 037 T1 clearly starts after the terminal breakpoint of regional deletion identified in sample 037 T. In two additional cases (056 T and 065 T) similar results were obtained with regard to presence of findings compatible with monosomy 22 in one biopsy and no detectable aberrations in the remaining samples from the same tumor (Table I ) (profiles not shown). Thus, in summary, four out of 15 (26.6%) tumors displayed indications of clonal intra-tumor genotypic differences, which should be viewed as a high number, considering that we studied in detail only a single human chromosome.
Minimal common regions of genomic imbalances on chromosome 22q in breast cancer. Detection of common segments of allelic loss or gain on a chromosome is usually considered as indicative for the presence of genes involved in the tumorigenic process. In this study, the distribution of overlapping regions of deletion across the chromosome 22 allowed to delimit at least six distinct minimal common areas of loss (I, III, V, VI, VIII and IX; Fig. 1 ). However, several of these regions are delimited based on only a few tumors, which often displayed a complex pattern of aberrations. Furthermore, we studied in detail ~1% of the genome and we therefore lack a broader perspective. Nevertheless, the most commonly observed aberration was a deletion of ~220 kb, affecting five consecutive clones ID 473-477 (Z94802-AC000050), and mapping to a gene rich region at the telomere of 22q; candidate region IX. This locus is determined by the telomeric deletion detected in case 008 T (Fig. 3D) , which is also encompassed by the heterozygously deleted region identified in sample 022 T, 036 T, 038 T and 051 T, in addition to cases with monosomy 22 (Figs. 2-4 and Table I ). A schematic view of the genes and clones included in this minimum overlapping region is presented in supplementary Fig. 1 (http://puffer.genpat.uu.se/ publications/supplement/breastcancer/Fig_5.pdf). We have also performed expression analysis in silico of these genes using information from Oncomine-Cancer profiling database, http://www.oncomine.org, which revealed that three genes (SCO2, ECGF1 and MGC16635) from this region were found to be under-expressed in different types or stages of breast carcinoma (supplementary Table I ; http://puffer.genpat.uu.se/ publications/supplement/breastcancer/Table_2.pdf). This makes them plausible candidates for tumor suppressors and warrant further studies. The distribution of the overlapping regions affected by regional gain identified candidate regions along the chromosome (regions II, IV and VII, Fig. 1 ). Using publicly available databases, we assessed the content of genes with possible implication in cancer within these segments of chromosome 22 affected by overlapping genomic imbalances (genome build 35.1, http://www.ncbi.nlm.nih.gov/) and identified several known genes. We also applied our chromosome 22 genomic clone-based array to profile blood derived DNA from a series of 45 normal individuals and further confirmed that these loci did not vary in DNA copy number (data not shown). This analysis therefore indicates that these specific variations are not frequent DNA copy number polymorphisms (CNP) in normal population.
Discussion
Human chromosome 22 is very rich in cancer related genes. A recent global review on genes that have been shown to be mutated in various malignancies, places chromosome 22 in the top position in the human genome, when number of cancer-related genes versus all genes located on this autosome are considered (24) . However, there is also a consensus that chromosome 22 harbors a number of additional, not yet characterized genes important for various forms of human cancer. The main reason for this assumption is that a large number of tumors display specific genetic aberrations of this autosome and do not show evidence of mutations in the already known cancer genes (http://www.ncbi.nlm.nih.gov/ entrez/). Breast cancer is among the neoplasms, which have been previously shown to display allelic loss of chromosome 22. The reported frequencies of 22q-associated deletions display great divergence, ranging from 11 to 66% (14) (15) (16) . In this respect, our comprehensive and high-resolution analysis revealed genomic imbalances of 22q in 21.6% (13 out of 60) of patients or 22% (14 out of 63) of studied tumors. We identified different patterns of aberrations including hemizygous deletions and/or gains of 22q, which were: monosomy, terminal and centromeric deletions, interstitial gains, as well as complex patterns, in which interstitial deletions were combined with low gene copy number gains ( Fig. 1 and Table I ). However, the most commonly observed aberration, detected in 7 out of 63 tumors (11%), was a single copy loss encompassing all measurement points on the array, consistent with monosomy 22. The latter finding suggests that the involvement of human chromosome 22 in the development/progression of breast cancer should not be viewed from a single gene perspective. Monosomy 22 is most likely the result of mitotic nondisjunction event during divisions of breast cancer cells. The haploinsufficiency for more than 600 known genes from 22q might be an event which as such introduces imbalance in the normal function of the genes encoded from this chromosome. It may further predispose the affected cell to gain further genetic or epigenetic mutations in many other genes residing on the remaining copy of chromosome 22.
Array-CGH is a powerful methodology, which has not yet made a major impact on the genetic research in cancer, mainly due to lack of studies using high-resolution arrays covering the whole human genome. Array-CGH allows studying very large genomic segments with a high sensitivity in a single experiment. It also permits an independent comparison of tumor and constitutional DNA against a normal unrelated reference DNA, which allows discriminating between aberrations that are tumor-specific and those which might be present in the normal surrounding tissues (25) . Furthermore, careful comparison of fluorescence ratios from different experiments allows a rough assessment whether a certain observed genetic aberration is present in all, or in a fraction, of cells within the studied tumor sample. Previous studies of breast cancer-associated deletions using low-resolution methodology failed to define a specific gene, or a region small enough, which would allow testing a reasonable number of candidate genes. This is likely due to the application of sub-optimal technology, such as RFLP-or micro-satellitebased markers. The candidate region IX from this study, encompassing ~220 kb (clone ID 473-477; Z94802-AC000050) (Fig. 1) , is defined by the smallest tumor-specific interstitial deletion detected in case 008 T. It should be stressed here that all but one of the tumors, i.e. 13 out of 63 (20%), with aberrations on chromosome 22, involved clones ID 473-477. In one of the tumors (036 T) a minute deletion encompassing this locus was the only copy number aberration detected on 22q (ID 471-478; AL022328-AC000036, Fig. 4B ) and present in only one of the two biopsies studied from this tumor lesion. The latter suggests that the gene(s) located there might be related to progression of breast cancer, rather than early predisposing events. Analysis of the corresponding surrounding healthy tissue derived DNA from this case confirmed that the observed allelic loss was also tumor-specific. Further support for the presence of a tumor suppressor gene at this particular location have resulted from the analysis of Wilms tumors samples (26) . We recently uncovered, using the same chromosome 22 genomic array, a candidate Wilms tumor locus at the telomeric end of 22q (ID 471-480; AL022328-AC002055), which is entirely in agreement with the candidate region IX presented here (26) . The concordance of results from breast cancer and Wilms tumor samples might indicate that a gene(s) located there might play a more general role in tumor development. This ~220 kb segment of 22q is very dense in genes and contains at least 11 genes (in order from centromere to telomere of 22q: encoding hypothetical proteins BC002942 and 384D8_6, SCO, ECGF1 genes, encoding hypothetical protein BC009980, CHKB-CPT1B, CPT1B, CHKB, MAPK8IP2, ARSA and SHANK3 genes) and one predicted gene (LOC440836, presumably encoding a protein similar to MGC52679) (http://www.ncbi. nlm.nih.gov/mapview/). Based on the review of available literature and results stored in public databases, a number of these genes present plausible candidates for tumor suppressors, e.g. genes involved in purine/pyrimidine metabolism and different signaling pathways. Interestingly, it has been hypothesized that loss-of-function mutations in ECGF1 (endothelial cell growth factor 1, platelet-derived) leads to impaired replication or/and maintenance of mtDNA (27) . ECGF1 has also been annotated as a gene with possible implication in cancer according to Atlas Chromosomes in Cancer (http://www.infobiogen.fr/services/chromcancer/). A second important result of our study was the detection of frequent intra-tumoral clonal variation in gene copy number profiles. The number we report (~27%) should be viewed as very high, considering that only a fraction of the genome is profiled in detail. Our findings indicate that a considerable variation should be expected when the whole genome is being profiled in a similar way as performed here for 22q. This is also the next logical step to follow-up our results.
Supplementary Figure 1 . Schematic view of the minimum overlapping region affected by deletion, ~220 kb, affecting five consecutive clones on the array ID 473-477 (Z94802-AC000050) and mapping to the telomere of 22q. The scale denotes the position on the chromosome according to NCBI (Homo sapiens Genome, build 35.1, http://www.ncbi.nlm.nih.gov). Genes are drawn to scale and exons represented with filled boxes. The direction of gene transcription is indicated by arrows for each gene (down arrow, positive strand, up arrow: negative strand). The grey bar highlights a CNP, at the telomeric end of the chromosome at 22q13.33, encompassing SHANK3 locus (gain detected in two individuals) (1) . This CNP maps to position 49396359-49493490 bp on 22q, which corresponds to ID 477-479 in our array (AC000050, AC000036 and A002056). 
